Multiple sclerosis (MS) is a progressive autoimmune disease of the CNS with its underlying mechanisms not fully understood. In the present study, we tested the hypothesis that caveolin-1, a major membrane scaffolding protein, plays a critical role in the pathogenesis of experimental autoimmune encephalomyelitis, a laboratory murine model of MS. We found increased expression of caveolin-1 in serum and spinal cord tissues in association with disease incidence and severity in wild-type mice with active encephalomyelitis. After immunization, Cav-1 knock-out mice showed remarkable disease resistance with decreased incidence and clinical symptoms. 
Introduction
Multiple sclerosis (MS) is a progressive autoimmune disease of the CNS system with global significance. The disease is characterized by perivascular leukocyte extravasation into CNS parenchyma, causing demyelination and axonal damage as well as neurological defects, including paresis or paralysis. Experimental autoimmune encephalomyelitis (EAE) is a widely adopted laboratory model that mimics key features of MS, including CNSdirected leukocyte infiltrations and demyelination (Goverman, 2009) . During disease pathogenesis, immune cell trafficking occurs when encephalitogenic leukocytes cross the blood-brain barrier (BBB) into the CNS parenchyma (Engelhardt and Ransohoff, 2012; Kawakami et al., 2012) . This process requires intensive interactions of primed leukocytes with BBB microvascular endothelial cells. For instance, proinflammatory stimuli activate the BBB, causing microvascular endothelial cells to upregulate the expression of adhesion molecules that bind to receptors on leukocyte surfaces for leukocyte firm adhesion and diapedesis. Among various adhesion molecules, vascular cell adhesion molecule-1 (VCAM-1) and intracellular adhesion molecule-1 (ICAM-1) are two distinct ligands that account for the leukocyte transmigration. During inflammation, CNS vascular endothelial cells increase expression of ICAM-1 and VCAM-1, which can bind to lymphocyte function-associated antigen-1 (LFA-1) and very late antigen-1 (VLA-4) on leukocyte surfaces and guide efficient leukocyte infiltrations into CNS parenchyma (Greenwood et al., 2011) . However, the underlying molecular mechanisms associated with leukocyte diapedesis and its impacts on CNS demyelination still remain unclear.
Caveolin-1 (Cav-1), a scaffolding protein of caveolae, has been reported to participate in regulating both vascular integrity (Tian et al., 2012) and intracellular trafficking (Ge and Pachter, 2004; Engel et al., 2011) actively. In previous studies, although the increased expression of Cav-1 in EAE and other neurodegenerative diseases has been reported, its functions remain largely unclear (Gaudreault et al., 2004; Shin et al., 2005; Kim et al., 2006; Nag et al., 2009) . Herein, in the present study, we aim to explore the potential functions of Cav-1 in EAE pathogenesis and its underlying mechanisms. Our results demonstrate that Cav-1 participates in EAE development and facilitates lymphocyte trafficking into CNS by modulating adhesion molecules ICAM-1 and VCAM-1.
Materials and Methods
Mice. Cav-1 knock-out mice (KO) (Cav1 tm1Mls /J; The Jackson Laboratory) were backcrossed with C57BL/6N mice to generate Cav-1 KO mice and wild-type (WT) littermates. All animal experiments were approved by the Committee on the Use of Live Animals in Teaching and Research at the University of Hong Kong.
Active EAE induction. Female WT or Cav-1 KO mice were subcutaneously immunized with 200 g MOG in complete Freund's adjuvant (5 mg/ml, Sigma-Aldrich). Pertussis toxin (200 ng, List Biological Laboratories) was injected intraperitoneally twice on day 0 and 48 h later. EAE symptoms were scored daily as follows: 0, no clinical signs; 0.5, partially limp tail; 1, paralyzed tail; 1.5, hindlimb paresis or loss in coordinated movement; 2, loss in coordinated movement and hindlimb paresis; 2.5, one hindlimb paralyzed; 3, both hindlimbs paralyzed; 4, hindlimbs paralyzed, weakness in forelimbs; 5, forelimbs paralyzed.
ELISA. Serum were collected at indicated time points and detected for caveolin-1 according to manufacturer's instructions (Cusabio). Absorbance was measured at 450 nm with reference wavelength at 620 nm (Bio-Rad microplate reader).
Western blot analysis. CNS microvessels were isolated as previously described . Cell and tissue lysates were fractionated by 10% SDS-PAGE gel, electrotransfered onto PVDF membrane (Millipore), and immunoblotted with primary antibodies ICAM-1 (Santa Cruz Biotechnology), Cav-1 (Cell Signaling Technology), and GAPDH (Millipore) following HRP-conjugated secondary antibodies (Santa Cruz Biotechnology). The signals were visualized by advanced ECL detection kit (BD Biosciences) and analyzed by Gel-Doc (Bio-Rad).
Sample preparation for immunofluorescent staining. At the peak of disease (day 18 post immunization [18 dpi]), brains and spinal cords were isolated and fixed, followed by embedding in OCT, and cut into 30 m sections. Sections were stained with primary antibodies ICAM-1 (Santa Cruz Biotechnology), VCAM-1 (Santa Cruz Biotechnology), GFAP (Sigma-Aldrich), Cav-1 (Cell Signaling Technology), and von Willebrand factor (Abcam). Immunofluorescent images were captured using a confocal laser scanning microscope LSM 780 (Carl Zeiss).
Sample preparation for immunohistochemistry and eletron microscopy. For histological and IHC staining, paraffin sections were cut into 8 m slices and stained with Luxol fast blue or H&E. Demyelination (defined as the demyelinating area percentage in total white matter area) and inflammatory foci (defined as continuous clustered leukocytes at one site in the white matter) were quantified by ImageJ software. For EM processing, L4-L6 spinal cord blocks were embedded into Epon and cut into 90 nm ultrathin sections with 3% uranyl acetate and 1% lead citrate staining. Digital images were captured by electron microscopy (TEM, Phillips model 208).
Isolation of CNS infiltrating mononuclear cells. Mice were killed on 18 dpi with brain and spinal cord tissues dissected out and homogenized. Mononuclear single-cell suspensions were isolated from the interphase of 30% and 70% Percoll gradient (GE Healthcare Life Sciences).
Flow cytometry. Isolated single-cell suspensions were surface-stained with CD45-PE, CD3-FITC, CD4-Pacific Blue, and CD8a-Alexa700 (eBioscience). For intracellular staining, cells were isolated from spleen (10 dpi), brain and spinal cord (20 dpi), restimulated with PMA and ionomycin in the presence of brefeldin A, and surface-stained with CD45-PE and CD4-Pacific blue. Cells were then fixed and permeabilized followed by staining with intracellular antibodies IFN␥-Alexa700a, IL17A-FITC, or isotype controls (BD Biosciences). Cell numbers were determined by BD LSR II using CountBright Beads (Invitrogen).
Ex vivo T H 1 and T H 17 cell polarization. On 10 dpi, CD4
ϩ T cells from the draining lymph nodes of immunized WT mice were sorted (Miltenyi Biotec) and restimulated with MOG 35-55 (20 g/ml) for 72 h. For T H 1 cell polarization, the following supplements were added: 10 g/ml anti-IL-4 and 10 ng/ml rmIL-12. For T H 17 cells, the following supplements were added: 10 g/ml anti-IL-4 and 10 g/ml anti-IFN␥, 20 ng/ml rmIL-6, 10 ng/ml rmIL-23, 10 ng/ml rmIL-1␤, and 3 ng/ml rhTGF-␤1. Neutralizing antibodies and cytokines were obtained from Miltenyi Biotec.
Cav-1 knockdown and transendothelial electrical resistance (TEER) measurement. Mouse microvascular endothelial cells bEnd3 (ATCC) were seeded onto 6-well culture inserts (8.0 m, Millipore). After the cells were cultured for 24 h, siRNA was used to knock down Cav-1, and a scramble siRNA was used as control. Cell membrane resistance (TEER) was measured from day 1 to day 6 using an epithelial voltohmmeter EVOM2 (World Precision Instruments) following the manufacturer's instructions. The TEER value per unit (1 cm 2 ) was normalized as follows: R sample (⍀cm 2 ) ϭ (R measure Ϫ R blank ) ϫ Effective Membrane Area. Transendothelial adhesion and migration assay. bEnd3 cells were seeded onto 12-well culture inserts (8.0 m, Millipore). After Cav-1 knockdown, cells were stimulated with hTNF-␣ (25 ng/ml) and IL-1␤ (10 ng/ml) (Peprotech) for 24 h. Polarized T H 1 and T H 17 cells were added to the upper chamber of culture insert, allowing coincubation for 24 h. The transmigrated cells from the lower chamber were quantified by FACS with CountBright Beads (Invitrogen).
Statistical analysis. Statistical analysis was assessed using an unpaired Student's t test for two group comparison or one-way ANOVA for mul- tiple group comparison. Data were presented as mean Ϯ SEM. For data analysis, p Ͻ 0.05 was considered to be significant statistically.
Results
Cav-1 deficient mice were resistant to active EAE We first investigated the dynamic changes of Cav-1 in serum and CNS tissues in WT mice after immunization. We found that serum Cav-1 levels were coincidently increased with the disease progression (Fig. 1A) . In agreement with serum Cav-1 secretion, the expression of Cav-1 in the spinal cord was also upregulated and reached its maximum at 18 dpi ( Fig. 1 B, C) .
We next investigated the roles of Cav-1 in EAE progression by using Cav-1 KO mice and its WT littermates. After immunization, Cav-1 KO mice had significantly alleviated clinical symptoms (Fig. 1 D, E) , which were accompanied with a reduced disease incidence (Fig. 1F ) . Most of the WT mice exhibited severe symptoms with paralyzed hindlimb (clinical score Ͼ 2), while none of Cav-1 KO mice encountered this neurological defect throughout the disease course (Fig. 1G) . We then examined inflammatory and demyelinating lesions, within the CNS in both genotypes at the peak time of disease progress (18 dpi). WT mice revealed characteristic demyelination in the white matter of spinal cord lesions with massive leukocyte adherence and extravasations as well. In contrast, Cav-1 KO mice had significantly reduced demyelination and inflammatory infiltrations. EM images further demonstrated the reduced lesions and wellpreserved myelin sheath structures in Cav-1 KO mice (Fig.  1 H, I ). These results strongly suggest the significant requirement of Cav-1 in EAE pathogenesis.
Cav-1 KO T lymphocytes responded to active EAE immunization
After immunization, antigen-specific T cells are primed in the periphery before migration into the CNS (Zamvil and Steinman, 1990) . To investigate the effects of Cav-1 on early T-cell priming, we evaluated the encephalitogenic T-cell populations in the periphery at disease onset (10 dpi). FACS revealed that Cav-1 deficiency could maintain the cell population and percentage of CD3 ϩ , CD4 ϩ , and CD8 ϩ T cells in peripheral blood, draining lymph nodes and spleen ( Fig. 2A-C) at disease onset. We also measured the subpopulation of T H 1 and T H 17 CD4 ϩ T cells in spleen (10 dpi). Cav-1 KO mice had a similar proportion of T H 17 cells and an even higher percentage of T H 1 cells in spleens compared with WT littermates (Fig. 2 D, E) . These results indicate that Cav-1 KO does not impair T-cell responses in the periphery at the early priming stage.
Cav-1 deficiency impaired CNS-directed encephalitogenic T-cell extravasation
After priming in the periphery, encephalitogenic leukocytes transmigrate across vascular endothelial cells into CNS parenchyma for a second wave of damage. Because Cav-1 did not impair the lymphocyte activation in the periphery, we next tested the effects of Cav-1 on CNS-directed lymphocyte trafficking. Compared with WT littermates, Cav-1 KO mice had a dramatic decrease in the number of infiltrated CD3 ϩ T cells in cerebral parenchyma and the white matter of spinal cord (Fig. 3 A, B) . FACS analysis further suggested that Cav-1 KO mice had a lower frequency of infiltrated CD3 ϩ T cells, predominantly CD4 ϩ T cells in the spinal cord compared with WT littermates (Fig.  3C,D) . Furthermore, Cav-1 KO mice had fewer infiltrations of IFN-␥-producing T H 1 cells and IL-17A-producing T H 17 cells in the spinal cord (Fig. 3 E, F ) . These results suggest that Cav-1 could be essential for the recruitment of pathological CD4 ϩ T cells, specifically T H 1 and T H 17 cells, into the spinal cord. The diminished diapedesis of encephalitogenic T cells in the spinal cord of Cav-1 KO mice might contribute to its lower disease susceptibility.
Endothelial Cav-1 was required for lymphocyte transmigration Upregulation of adhesion molecule expression on inflamed vascular endothelial cells is highly associated with the processes of lymphocyte extravasation into the CNS (Bullard et al., 2007; Steiner et al., 2010) . To explore the functions of Cav-1 in this aspect, we examined the distribution of Cav-1 within CNS lesions. Immunofluorescent images revealed that Cav-1 was highly colocalized with vWF ϩ vascular structures (Fig. 4A) but not with GFAP ϩ astrocytes in the white matter of spinal cord and cerebellum, which implicates the potential role of Cav-1 in regulating vascular functions. We next examined the expression of adhesion molecule ICAM-1 and VCAM-1 in both genotypes. After EAE, immunized WT mice had a sharp increase in the expression of ICAM-1 and VCAM-1, which were highly colocalized with Cav-1 at the site of infiltration within the lesion, whereas Cav-1 deficiency abolished such changes (Fig. 4 B, C) . In line with this, the expression of Cav-1 in the CNS-derived microvessels was upregulated after EAE immunization (Fig. 4D) . These results suggest that Cav-1 might modulate adhesion molecules ICAM-1 and VCAM-1 on endothelial cells and participate in lymphocyte diapedesis. Based on in vivo studies, we used an in vitro coculture system to test the potential function of endothelial Cav-1 in lymphocyte transendothelial migration. Knockdown of Cav-1 expression did not disrupt the cellular membrane integrity (Fig. 4F ) but partially impaired the upregulation of ICAM-1 (Fig. 4E) in the primed endothelial cell and subsequently attenuated the transendothelial migration of T H 1 and T H 17 cells in vitro (Fig.  4G,H ) . These results, together, suggest the involvement of endothelial Cav-1 in lymphocyte transendothelial migration, probably via regulating adhesion molecules ICAM-1 and VCAM-1.
Discussion
Increased Cav-1 expression was previously reported in the spinal cords of EAE lesions (Shin et al., 2005) , but its functions in EAE development remain unknown. In the present study, we directly demonstrated the critical roles of Cav-1 in EAE pathogenesis. The expressions of Cav-1 in serum and spinal cord tissues dramatically increased and reached their maximum coincident with EAE severity. Consistently, Cav-1 KO mice had a remarkable resistance to EAE with lower disease incidence and alleviated clinical symptoms. These results highlight the critical involvement of Cav-1 in EAE and MS pathogenesis.
Cav-1 appears to be a major factor in BBB permeability and lymphocyte transcellular migration, contributing to inflammation and CNS damage. Increased expression of Cav-1 in the neurovascular unit preceded the early BBB breakdown and leukocyte extravasations (Nag et al., 2009; Badaut et al., 2015) . In this study, we found that Cav-1 deficiency did not compromise the immune cells priming in the periphery but limited their trafficking. Among various immune cells, antigen-specific CD4 ϩ T cells, specifically T H 1 and T H 17 cells, had been demonstrated as key drivers in EAE and MS development (Huppert et al., 2010) . The efficient trafficking of these highly encephalitogenic T H 1 and T H 17 effector T cells into the CNS is a key prerequisite for CNS demyelination and subsequent paresis or paralysis in MS and EAE (Stromnes et al., 2008; Goverman, 2009) . Studies suggested that Cav-1 could positively modulate leukocyte mobilities as the blockage of Cav-1 reduced lymphocyte diapedesis (Zhong et al., 2008; Marmon et al., 2009) , although its recovery attenuated such effects (Xu et al., 2013) . Consistently, we have demonstrated the positive regulation of Cav-1 and CNS-directed lymphocyte transcellular migration in EAE. Our results showed that Cav-1 deficiency significantly impaired the pathological T cells trafficking into the CNS, which highlighted the essential involvement of Cav-1 in participating in lymphocyte transmigration pathologically.
A likely mechanism that might explain how Cav-1 behaved during T-cell trafficking pathologically was proposed. ICAM-1 and VCAM-1 are two major molecules essential for efficient lymphocyte diapedesis during inflammation (Greenwood et al., 2011 ). Millán et al. (2006 and others (Heemskerk et al., 2016; Sun et al., 2016) suggested that the translocation of ICAM-1 to membrane caveolae/Cav-1-enriched domains on endothelial cell is a prerequisite for leukocyte firm adhesion and diapedesis, whereas the abolishment of Cav-1 could diminish the expression of adhesion molecules (Shin et al., 2006; Han et al., 2010) and reduced leukocyte traffickings. In our study, we found highly colocalized Cav-1 with ICAM-1 and VCAM-1 within CNS lesions at the site of leukocyte infiltration pathologically, implicating potential regulatory roles of Cav-1 in these processes. In addition, we also demonstrated that loss of endothelial Cav-1 could downregulate the expression of ICAM-1 and VCAM-1 and impaired the efficient trafficking of T H 1 and T H 17 cells, both in vivo and in vitro. These results strongly implicate the critical role of Cav-1 in encephalitogenic lymphocyte trafficking into CNS by targeting ICAM-1 and VCAM-1.
Interestingly, as a cellular trafficking protein, Cav-1 could dissociate and translocate from basal membrane and release into systemic circulation upon stimulations (Liu et al., 2002; Tahir et al., 2008) . In the present study, we found that the expression of Cav-1 in serum was simultaneously increased, associated with disease development. This could partially result from the provoked inflammatory responses systemically with some degree of disruptions of membrane caveolae structures, leading to the release of Cav-1 and its appearance in serum. These results imply that the secreted Cav-1 levels in serum could be a potential early biomarker for indexing the clinical severity of EAE and MS. To this respect, further studies are needed to evaluate the clinical relevance of secreted Cav-1 levels in MS patients.
In conclusion, we demonstrate that Cav-1 deficiency could lead to EAE resistance via limiting encephalitogenic T cells trafficking into the CNS by modulating adhesion molecules ICAM-1 and VCAM-1. This study highlights a critical role of Cav-1 in CNS-directed lymphocyte diapedesis and may implicate it as a potential molecular and therapeutic target in neuroinflammatory diseases.
